Early detection of cancer through medical imaging has a critical impact on patient survival rates. There are many efforts for detecting early cancer in situ using modalities other than traditional medical optical imaging, which contain additional information over conventional micrographs of surface morphology acquired without staining. We analyzed the Mueller matrix components of human colon tissue obtained with an imaging polarimeter microscope at an illumination wavelength of 442 nm by principal components analysis in order to separate the traditional non-polarized gray image and to investigate the structure of the parameter space of polarization transformation by tissue. We also analyzed Mueller matrix by mapping it to a coherent matrix and performed eigenvalue analysis. The 1 st to 4 th principal components contain 99% of the information present in the images; polarization information contributes less than 10% of the information in the Mueller matrix. In one individual, 80% of the cancer was detected, without the first components which contains traditional non-polarized gray image for traditional diagnosis. Microscopic fine structures were observed, particularly in the 3 rd and 4 th principal components' score images. The entropy image of corrugated cancer tissue was smoother than that of the traditional gray image. There were several abnormal regions identified in adjacent regions of cancer, whose residues exceeded the noise level of the instrument used.
INTRODUCTION
Early detection of cancer through medical imaging has a critical impact on patient survival rates. Artificial intelligence (AI) used in the field of cancer diagnosis recently demonstrated that convolutional neural networks (CNN) can detect gastric cancer as accurately as an experienced endoscopic doctor 1 . This performance indicates that AI is becoming a powerful tool for analyzing traditional visible medical images.
There are many efforts for detecting early cancer in situ using modalities other than the traditional images, which contain additional information other than conventional micrographs of surface morphology obtained without staining. Fast and minimally invasive optical techniques such as confocal microscopy 2 and optical coherence tomography (OCT) 3 are wellsuited for producing detailed morphological characterizations of small (mm 2 ) samples.
Polarization interaction is used in diffuse reflectance spectroscopy 4 and Mueller polarimetry 5 imaging because polarimetry is sensitive to micrometer and nanometer structures as predicted by Mie scattering theory 6 . Backman et al. 7 present an optical-probe technique based on light-scattering spectroscopy that is able to detect precancerous and early cancerous changes in cell-rich epithelia. They utilized the characteristics of early cancer cells, in which the nuclei become enlarged, altering the epithelial-cell architecture. The diameter of non-dysplastic cell nuclei is typically 5-10 μm, whereas dysplastic nuclei can be as large as 20 μm across 8 . An imaging polarimeter microscope that operates in a backscattering configuration has been developed for tissue classification and early cancer detection application 12, 13 . The difference between the mean measured Mueller matrix values of healthy and cancerous human colon tissue agreed with previously reported results.
W. Wang et al.
14 measured Mueller matrices of histologically sliced samples and demonstrated the ability to use principal components analysis (PCA) derived from Mueller matrix elements for tissue differentiation.
We analyzed the 16 Mueller matrix images, measured by the imaging polarimeter microscope, by principal component analysis (PCA). The information content in each principal component was examined by comparing their correlation to non-polarized gray images, which includes the tissue morphological information typically used in CNN cancer detection. We also mapped each Mueller matrix to a coherent matrix and analyzed the eigenvalues to investigate the polarization transformations induced by human colon tissues.
PRINCIPAL COMPONENT ANALYSIS
The imaging polarimeter system consists of an episcopic illumination system capable of dark-field illumination and a polarimetric imaging system for measuring the state of polarization (SOP) of scattered light from the tissue sample positioned at the microscope's specimen stage.
Mueller matrix components of human colon tissues samples acquired from 21 patients were measured with the imaging polarimeter microscope 13 with a 5× objective at 442 nm (FWHM < 3 nm) illumination. Three types of human colon tissue classifications used in this study: tumor, tumor-adjacent tissues taken 5 mm from the tumor edge, and normal tissues acquired 50 mm from the tumor edge. When we treat four PCA matrices from 1 st to 4 th as a Jones N-matrix 15 , the 1 st to 4 th axes correspond to scalar dissipation (extinction) i.e., attenuation (91.2% information), scalar depolarization (polarization extinction, 4.9% information), retardation difference between horizontally linearly polarized light and vertically linearly polarized light, i.e., waveplate whose optical axes are vertical and horizontal directions (1.7%), retardation difference between the two diagonally polarized lights, i.e., waveplate whose optical axes are two diagonal directions (1.2%). The 5 th and 6 th axes (not shown in Figure 1 ) correspond to transformation from linearly polarized lights to circularly polarized light (0.4%), and transformation between vertically and horizontally polarized lights to diagonally polarized lights (0.3%).
Wang et al.
14 reported significant differences in most parameters including retardance, depolarization, linear retardance, linear depolarization and circular depolarization between normal and cancer gastric samples and found that the combination of linear depolarization and linear retardance shows the best overall classification accuracy for gastric samples. In our case for colon tissue, significant differences in polarization parameters correspond to linear depolarization and linear retardance, which are the parameters for gastric cancer classification.. Fine structures observed in the 3 rd score and 4 th scores have different information from 1 st score image, which is assumed to be comparable to a traditional optical grayscale images. This result confirmed the information content in the four-dimensional PCA space and the high sensitivity and spatial resolution of the instrument we used for investigating polarization interaction within human colon tissue. Figure 4 are typical of all three types of tissue. This result also confirmed the low noise level of the instrument we used. We discuss later in Section 4 about a several exceptions where the computed residue is larger than that of typical images. 
RESIDUE OF FOUR PCA COMPONENTS
The typical histogram of the three types of tissue showed that the residue is inside the dotted line of ±0.03 (3σ), which is a noise level of the imaging polarimeter microscope. However, we found a few exceptions where the residue is larger than that of typical images, as was discussed in Section 2. Further experiments, analysis, and simulation of the tumor adjacent tissue must be needed to interpret this phenomenon using an instrument with sufficient spatial resolution.
CONCLUSION
We measured Mueller matrix images of human colon tissue with an imaging polarimeter microscope at 442 nm, and analyzed the 16 matrix images components by PCA in order to separate the traditional non-polarized gray image information from the Mueller matrix information and to investigate polarization interaction between human colon and illuminated light. Each principal component was compared to non-polarized grayscale images containing the traditional morphological information used in CNN cancer detection. We also analyzed the Mueller matrix by mapping it to a coherent matrix and performed eigenvalue analysis. Up to 99% of the information in human colon tissue is contained within the first four principal components. Polarization information is contained within the second and subsequent principal components; this information is less than 10 percent of the total information present in the Mueller matrix images. Optical interactions induced by each principal component from first to fourth correspond to scalar dissipation directly related to conventional image, scalar depolarization, and linear phase retardance, respectively. The relative contributions of these components to the total information in the image are 91.2%, 4.9%, 1.7%, and 1.2%, respectively. Microscopic fine structures observed in the third and fourth scores have different information than what is obtained from traditional optical gray images. The amount of the residue of the four components, whose amount is 1.1%, agrees well with the noise level of ±0.03 (3σ) in the Mueller components of the imaging polarimeter microscope we used. Nearly 80% of cancer images were discriminated in the three-dimensional spherical surface formed by the second to fourth principal components, in which non-polarization information is small. There were several abnormal examples in canceradjacent regions where the residues exceeded the noise level of the instrument used. Further investigations into the data acquired from cancer-adjacent tissue will be performed.
